A new technique has been developed for randomizing the basal plane texture formed by rolling or extruding deformation in a magnesium alloy. Specimens are roll-formed using rolls having wavy surfaces at elevated temperatures. This technique has been applied to specimens of AZ31B magnesium alloy sheet. The specimens were heated at 623 K and 723 K for 300 s, and then immediately wavy roll-formed. This process was repeated 8 times, rotating the specimen at 90 degrees for each subsequent pass. The specimen showed a typical basal plane texture before the wavy roll-forming, and the texture was randomized after the treatment. Annealing at 573 K and 673 K, and/or flat-rolling at 623 K on the wavy roll-formed specimen caused a reversion to the basal plane texture. Transmission electron microscopic observations on the wavy roll-formed specimen showed dislocation substructures consisting of many twins and dense dislocations, which resembled those formed by conventional flat-rolling. Randomizing would occur by macroscopic mechanism, such as lattice rotation due to wavy form deformation.
Introduction
Poor formability in magnesium and its alloys is generally attributed to their crystal structure. However, the authors previously reported that high purity magnesium sheets could be rolled at room temperature with a reduction rate of 80% without cracking, [1] [2] [3] moreover, most of the the specimen was covered by recrystallized grains. Electron backscattered diffraction pattern (EBSP) measurements on the recrystallized grains showed a strong basal plane texture. 1) Grain refining by a hot-rolling and annealing technique is easily accomplished on magnesium alloys [4] [5] [6] owing to the intrinsic property of easy recrystallization in magnesium. Thus, the formation of the basal plane texture is accompanied by recrystallization and this deteriorates the deformability of the alloys.
The authors reported a new technique which makes it possible to obtain the fine-grained microstructures without the basal plane texture. This technique is wavy form-pressing in which sheet specimens of magnesium alloys are repeatedly deformed into a wavy form. 7, 8) Grains were refined and the texture was randomized by the technique. This technique has been applied to magnesium alloys 7, 8) and an aluminum alloy. 9) However, because this technique is a batch-type process, it was not suitable for a practical continuous process. Another advanced technique based on wavy form-pressing was proposed by the authors, the wavy roll-forming method. The preliminary results, mainly on randomization in textures were reported in the previous paper. 10) In the present study, the effects on textures of flat-rolling and annealing after wavy roll-forming are investigated in detail.
Experimental Procedures
The rolls having wavy surfaces used in the present study are shown in Fig. 1(a) . The rolls were about 150 mm in effective length and 50 mm in diameter, and the waves were about 8 mm in wave length and 3 mm in amplitude ( Fig. 1(b) ). Commercial AZ31B alloy sheets about 50 Â 50 Â 2:5 mm were used as specimens. The chemical composition of the alloy is listed in Table 1 . The specimens were solution heat-treated at 673 K for 3.6 ks. Specimens for wavy roll-forming were heated in the range of 623 to 723 K for 300 s, and then immediately wavy roll-formed. The temperatures were higher than for wavy form-pressing, 573 K, reported in the previous paper. 8) Dies for wavy form-pressing were heated together with specimens, whereas the wavy form rolls were not heated, so the deformation temperatures would be about 50 to 100 K lower than the heating temperatures. In the case of the wavy form-rolling, cracking occurred when the specimen was heated at 573 K and then wavy roll-formed. The repeated wavy form-rolling process is schematically illustrated in Fig. 2 . After each pass of the wavy form-rolling, the specimen was reheated at the same temperature for 300 s and then wavy form-rolled again with rotating the specimen at 90 degrees. After repeating the wavy form-rolling for 8 times, the specimen was slightly rolled with using conventional flat rolls for finishing. Thickness of the specimen was decreased from 2.5 mm into 1.9 mm, about 24% reduction. Some of the specimens were hot-rolled using flat rolls with the reduction rate of about 24% after heating at the same temperature of the wavy roll-forming, for comparison.
Microstructural analyses were carried out by a scanning electron microscope (SEM) equipped with an EBSP analyzer. Specimens for the EBSP measurements were finished by etching with a solution of nitric acid : acetic acid : ethanol : water ¼ 5 : 15 : 20 : 60.
11) Transmission electron microscopic (TEM) observations were also carried out in order to compare dislocation substructures formed by the wavy rollforming and conventional hot-rolling.
Results
Analyses of microstructures on the specimen solution heattreated at 673 K for 3.6 ks are shown in Fig. 3 . The inverse pole figure (IPF) map (a) obtained on the specimen surface shows that grain sizes are about 5 to 20 mm in diameter; most of the grains are red, indicating that their orientation is the same as the basal plane texture. This situation is clearly shown in pole figure (b). In pole plot (c), the accumulated intensity of the (0001) plane with 0 < 360 is plotted against angle , showing the distribution of the (0001) plane. In the solution heat-treated specimen, the basal plane texture is significant as expected, and the peak of intensity of the (0001) plane appears at 0 < 10 in pole plot (c). Microstructures and results of texture analyses on a specimen wavy roll-formed 8 times followed by slightly flat-rolled at 723 K are shown in Fig. 4 . The colors in the IPF map (a) represent various grain orientations. The grains about 50 to 100 mm in diameter, are larger than those in the solution heat-treated specimen ( Fig. 3(a) ). The dark contrasts in (a) show the areas where no solution was applied for orientation analyses, which correspond to highly strained areas. In pole figure (b), the concentration of (0001) intensity in the center region where the basal plane texture was randomized by wavy roll-forming is not remarkable. The distribution of (0001) intensity is flattened in pole plot (c), in comparison with that in Fig. 3(c) . Grain coarsening is due to the relatively higher temperature for heating after the severe deformation induced by wavy form-rolling. Figure 5 shows the microstructures on the same specimen as Fig. 4 at relatively high magnification. Gradations in colors observed in the IPF map (a) are considered to be due to fine twins shown in image quality (IQ) map (b).
When a specimen was simply flat-rolled using conventional rolls, different microstructures were observed (Fig. 6) . The specimen was flat-rolled with a reduction rate of 24% at 723 K, the same temperature used for the wavy roll-forming. Comparing the microstructures with those formed by the wavy roll-formed specimen (Fig. 4(a) ) shows that flat-rolling reduces the grain size and increases the strained areas. The basal plane texture is apparent in pole figure (c) and pole plot (d) of the flat-rolled specimen.
In order to promote recrystallization and to reduce the strained regions, the wavy roll-formed specimens were annealed at various conditions. Inverse pole figure maps and pole plots on the annealed specimens are shown in Fig. 7 . To compare the microstructures with the same scale, the IPF maps in Fig. 7 were trimmed except (e), while the pole plots were obtained from the original IPF maps. When the specimens were annealed at 673 K for 3.6 ks ((a) and (b)), and at 573 K for 3.6 ks ((c) and (d)), the strained areas disappeared accompanied with diminishing twins. However, the tendency to form the basal plane texture can be seen in pole plots (b) and (d). Annealing at 473 K for 10.8 ks did not significantly decrease the strained regions (e) but the randomized texture persisted (f). Prolonged annealing at 473 K lead to a reduction in the strained regions (g) where random texture was maintained (h). Higher magnification EBSP analyses showed that recrystallization was partly due to annealing at 573 K for 3.6 ks, and a number of grains were recrystallized after annealing at 673 K for 3.6 ks.
Formation of the basal plane texture by flat-rolling is apparent in Fig. 6 , in which the starting materials and the solution heat-treated specimen, had the basal plane texture. When the starting material has a random texture such as that shown in Fig. 4(a) , it is necessary to investigate the effects of flat-rolling on textures. Figure 8 shows the microstructures and the texture which were formed in the specimen wavy roll-formed at 723 K followed by flat-rolling at 623 K with a reduction rate of about 25%. The c-axes of the grains tended to align along the surface normal (a), and the basal plane texture appeared ((b) and (c)). Twins formed by the wavy roll-forming (Fig. 4(a) ) are not observed in Fig. 8(a) , and the grain sizes seem to be close to those in the flat-rolled specimen ( Fig. 6(a) ).
Difference in textures formed by wavy roll-forming and flat-rolling could be attributed to dislocation substructures induced by the different deformation modes. Therefore, TEM observations were carried out on the specimens which were wavy roll-formed at 723 K and 623 K, and specimens simply flat-rolled at 623 K, the dislocation substructures of which are shown in Figs. 9(a), (b) and (c), respectively. Twins and Effects of Wavy Roll-Forming on Textures in AZ31B Magnesium Alloydensely induced dislocations are observed in all the specimens. The dislocation density seems to be low in the images due to the low magnification, so dark field images taken at a higher magnification are inserted in each image. Densely formed dislocations are observed without any dislocation cells or dislocation tangles, differences in the dislocation substructures are not obvious.
Discussion
The wavy roll-forming can randomize the basal plane texture as well as the wavy form-pressing. 7, 8) A simple calculation about a change in length along the wave leads to about 25% elongation for one pass of the wavy roll-forming. However, the specimen was enlarged from 50 Â 50 (mm) to about 55 Â 55 (mm) by 8 wavy roll-forming passes accompanied by slight flat-rolling, 10% enlargement. The specimen is considered to have suffered from repeated thinning and thickening deformation, some areas are compressed and other areas are stretched under a pass of wavy roll-forming, and the situation is reversed at the following pass. There are various directions for deformation, which activates non-basal slip systems at elevated temperatures resulting in non-basal planes inclined toward the specimen surface. Dislocation substructures formed by wavy roll-forming and flat-rolling resemble one another as shown in Fig. 9 . Relative macroscopic difference, such as lattice rotations, 12) would change the textures.
In comparison with the microstructures formed by the wavy form-pressing, 7, 8) many twins were formed and grain refining was not remarkable with wavy roll-forming. The deformation temperature for the wavy form-pressing 8) was 523 K, at which the dies and specimens were heated and deformed. In the present case, the wavy form rolls were not heated, so the temperature decreased during rolling, which induced deformation twins. The decrease in temperature during rolling implies that the heating temperature before rolling should be higher than the temperatures used in the present study. However, in the case of extrusion on AZ31B alloy, deformation at 723 K causes grain growth. 13) The coarse grains observed in Figs. 4 and 5 were formed by heating the specimens at the higher temperature. Raising the heating temperature before the wavy form-rolling is not desirable.
Formation of the basal plane texture are promoted by flatrolling, annealing at higher temperature after wavy rollforming, and flat-rolling after wavy roll-forming, as shown in Figs. 6, 7 and 8, respectively. It is well known that flatrolling, the conventional hot-rolling method, leads to the formation of basal plane texture 12) as shown in Fig. 6 . When the starting material has a random texture, flat-rolling produces the basal plane texture (Fig. 8) . The authors reported previously recrystallization in high purity magnesium 1) and showed that the basal plane texture was predominantly formed, notwithstanding the nucleation and growth mechanism seemed to be applied to recrystallization. Difference in textures in the specimens shown in Figs. 7(c) and (e) could be explained if the orientation of a nucleated grain is affected by the orientations of surrounding grains.
Summary
A new technique has been developed, in which rolls having wavy surfaces are used for deforming specimens. The specimen is repeatedly wavy roll-formed with rotating at 90 degrees for the subsequent pass. This technique was applied to specimens of AZ31B magnesium alloy sheet having a typical basal plane texture. The specimen was heated at 723 K for 300 s, and then immediately wavy roll-formed. After repeating the process 8 times followed by slight flatrolling at the same temperature, the initial basal plane texture was randomized. Annealing at 573 and 673 K resulted in coarse grains and a return to the basal plane texture due to recrystallization, while annealing at 473 K decreased strained areas maintaining the randomized texture. Dislocation substructures formed by the wavy roll-forming comprise many twins and dense dislocations, which resembled those formed by conventional hot rolling. The formation of randomized texture does not appear to be due to the formation of different dislocation substructures. Effects of Wavy Roll-Forming on Textures in AZ31B Magnesium Alloy
